The presence of color in textile effluents has been studied because of the need for more effective treatments. Therefore, advanced oxidative processes (AOP) . Finally, the ecotoxicity study indicated that the post-treatment samples were non-toxic to the bacteria Escherichia coli and Proteus mirabilis but showed growth inhibition for Lactuca sativa (Fenton and photo-Fenton) 
INTRODUCTION
The number of researches and publications on the environmental issue is increasing. Several groups of contaminants at different levels of concentrations have been studied by researches from all over the world, among them, the most cited environmental pollutants in the academic world are: pharmaceuticals (NAPOLEÃO et al, 2018; BANASCHIK et al, 2018) , hormones (YONGZE et al, 2017) , polycyclic aromatic hydrocarbons (HAPs) (LABIADH et al, 2015) and dyes (BILINSKA; GMUREK; LEDAKOWICZ, 2017; SANTANA et al, 2017) .
Among the classes of compounds cited, the textile dyes deserves attention, especially in the Northeast of Brazil. These substances are widely used by microenterprises in that region of the country (ABIT, 2017), being easily found in aquatic matrices, since the industrial process employs large volumes of water (HASANBEIGI; HASANABADI; ABDORRAZAGHI, 2012) . Another factor contributing to the identification of dyes in the environment is related to the fact that conventional treatments used in effluent treatment plants (ETS) show little efficiency in the degradation of persistent and refractory compounds such as dyes (MARTINS et al, 2011) .
In this context, it is of fundamental importance that other treatments are sought that can promote complete degradation of persistent pollutants. The advanced oxidative processes (AOP) refer to a consolidated technique that has presented efficiency in the degradation of dyestuffs (BRINDHA et al, 2018) , plasticizers (DÜKKANCI, 2018) , phenolic compounds (HERNÁNDEZ-FRANCISCO, PERAL, BLANCO-JEREZ, 2017) . The AOP act through a series of chemical reactions mediated by hydroxyl radicals. These, in turn, come from a strong oxidizing agent, usually hydrogen peroxide (H2O2). Then it is possible to divide the oxidation process into two systems: 1) Those involving homogeneous reactions, such as UV/H2O2, Fenton and photo-Fenton; and 2) those that comprise heterogeneous reactions (photocatalytic processes), assisted not by radiation (NAGEL-HASSEMER et al, 2012; CHAKMA; DAS; MOHOLKAR, 2015) .
Among the different AOP, studies have been carried out on the type of radiation to be used in the processes that make use of it. One of the most widely used types is the radiation emitted by ultraviolet light, which can be produced through light bulbs (QUEIROZ et al, 2011) . However, at industrial level its use is not very feasible due to its high energy expenditure. Thus, for an industrial application and a low cost, the use of ultraviolet radiation originating from sunlight has been analyzed (TIBURTIUS, 2008) . When comparing the use of artificial irradiation with natural, Nogueira and Modé (2002) , as well as Trovó; Villa and Nogueira (2005) reported similar results for the two types of radiation studied in relation to the decontamination of effluents containing phenols and herbicides. Both studies were able to degrade the contaminants in values higher than 95%. Similarly, Santana et al (2017) achieved a degradation of a solution containing the mixture of Reactive blue BF-5G and Remazol red RB 133% color dyes of 86.63% for the photo-Fenton/solar process and 87.02% for the photo-Fenton/sunlight. When using natural solar radiation, it is important to note that different regions will exhibit different spectral behaviors. This fact is related to the electromagnetic radiation of the sun, that when undergoing some attenuations does not reach the earth's surface integrally, but still has contributions in the ultraviolet, infrared (IV) and visible bands. A factor that contributes to these attenuations is related to the absorption effect of the gases present in the atmosphere. Figure 1 shows the behavior of the electromagnetic spectrum of solar radiation, as well as of carbon dioxide, water vapor and ozone (PEREIRA et al, 2017) . Kinetic and ecotoxicological evaluation of the direct orange 26 dye degradation by Fenton and solar photoFenton processes 3 the electromagnetic spectrum of solar radiation, as well as of carbon dioxide, water vapor and ozone (PEREIRA et al, 2017) . According to the same authors, carbon dioxide and oxygen absorb significantly in the infrared (IV) region, as well as the water vapor that besides absorbing in the IV, in suspension form is a strong absorber of the solar region, its interference in several bands of the spectrum can be seen through Figure 1 . Ozone, on the other hand, absorbs part of the solar radiation in the ultraviolet region, acting to avoid that some of the rays emitted in this range reach the Earth's surface.
Different types of behavior can be observed regarding the solar irradiation in Brazil, since the country has a vast territorial extension. In Brazilian northwest there is the highest solar potential in the country, presenting an average value of 5.49 kWh.m -2 of global irradiation. Similar average values are observed for the southeast (5.26 kWh.m -2 ) and center-west (5.20 kWh.m -2 ) regions of Brazil. This is an indication that in these 3 regions the use of solar radiation for AOP treatments can be done with good potency (PEREIRA et al, 2017) .
Due to the processes that have a good efficiency in the degradation of persistent pollutants, a concern arises as to the formation of the reactional by-products, which can sometimes present a higher toxicity than the original compounds (SALVADOR; MARCOLINO JÚNIOR; PERALTA-ZAMORA, 2012). Thus, in addition to physicochemical analyzes, the efficiency of the degradation process can also be evaluated through ecotoxicological tests, through bioindicators (ZAGATO, BERTOLETTI, 2006; NAPOLEÃO et al, 2018) . In these trials, the influence of substances on the development of representative biota species is studied. It is recommended that in this evaluation more than one trophic level be covered, because of the different manifestations that organisms of different species may present against contaminants (PUNZI et al, 2015) . Escher et al (2011) state that it is possible to carry out such tests using microorganisms, plants, algae, invertebrates and fish.
In view of the above, the present work has the o objective of evaluating the degradation of the direct orange 26 dye (DO26) from the Fenton and photo-Fenton processes, determining the best reaction conditions through experimental planning. In addition, it also aims to analyze the kinetics of degradation and the toxicity of the waste generated after the treatment processes. 
MATERIAL AND METHODS

Dye solution, analytical method
For the degradation tests a working solution containing the direct orange dye 26 (DO26) ( Table 1) was prepared in a concentration of 50 mg·L -1 . Then, based on a previous spectral scanning analysis on visible ultraviolet spectrophotometry equipment (UV/Vis) (Thermoscientific) the analytical curves were obtained for each of the wavelengths (λ) characteristic of the dye under study, being: 495, 304 e 238 nm. The determination of the dye concentration before and after the treatment was performed using a linear and precise method, whose parameters meet the requirement of INMETRO (2011). 
Preliminary study: evaluation of the efficiency of advanced oxidative processes
In order to verify the viability of the advanced oxidative processes (AOP) in the degradation of the DO26, an initial study in triplicate was carried out. For this, 50 mL of the working solution was 
Determination of the best working condition: factorial design
Based on the results of the preliminary study, and to obtain the best working conditions for the AOP studied, a factorial design 2 3 , was elaborated, with a central point in triplicate. 
Kinetic evaluation of the degradation processes
According to the best conditions obtained in the study of factorial design, tests were carried out to determine the kinetics of DO26 dye degradation through Fenton and solar photo-Fenton processes.
For this purpose, 1L of the working solution was irradiated and aliquots were removed at regular intervals for a period of 120 minutes. The degradation kinetics were described from the concentration REGET -V. 22, e5, 2018, p.01-20
Kinetic and ecotoxicological evaluation of the direct orange 26 dye degradation by Fenton and solar photoFenton processes 5 data obtained after the treatment, which were interpreted according to the non-linear model of pseudo-first order proposed by Chan and Chu (2003) , represented in Equation 1.
In which, C is the concentration of the dye (mg•L -1 ) after treatment at a reaction time t (min), and C0 is the initial concentration of the dye (mg•L -1 ). The parameters ρ and σ are experimental constants that represent the reaction kinetics (min) and the oxidative capacity of the system (dimensionless), respectively. The values of 1/ρ and 1/σ correspond to the initial kinetic constant of pseudo-first order and the maximum oxidation capacity in the different investigated conditions.
Behavior of chemical oxygen demand
In the best working condition, the conversion of organic matter was evaluated by means of spectrophotometric method to determine the chemical oxygen demand (COD). For this purpose, the procedure described in Method 5220D of the Standard methods for the examination of water and wastewater (APHA, 2012) was followed. The analysis was performed before and after treatment with the Fenton and photo-Fenton solar processes.
Toxicity Study: evaluation against seeds and bacteria
To evaluate the toxicological effects of the treatment applied to the environment, toxicity tests were carried out against lettuce (Lactuca Sativa), mustard (Brassica juncea), chicory (Cichorium intybus) and onze-hours (Portulaca grandiflora) seed, and against the bacteria Escherichia coli UFPEDA 224 and Proteus mirabilis UFPEDA 767. The seed test was based on the methodology described by Napoleão et al (2018) . The solutions were evaluated before and after submission to the AOP, with the relative growth rate (RGR) and germination index (GI), according to Equations 2 and 3.
( )
In which, RLS is the total root length of the sample; RLC is the total root length in the negative control; SGS is the number of seeds germinated in the sample and SGC is the number of seeds germinated in the negative control.
To perform the toxicity experiments using bacteria, these were cultured on Brain Heart Infusion medium (BHI) overnight at 36°C. Then, the colonies were then resuspended in sterile saline solution (NaCl 0,15 mol·L -1 ) and adjusted turbidimetrically at a wavelength (λ) of 600 nm, being evaluated their optical densities in this λ (DO600) to obtain suspension equivalent to 10 6 colony forming units (UFC) per mL. In these assays, the samples were filtered on sterile PVDF syringe filters (13 mm x 0.22 µm). These samples were tested at five different concentrations, including: undiluted sample and samples diluted 1:10, 1: 100, 1: 500 and 1: 1000 in ultrapure water. The assay was performed on 96-well microtiter plates and each sample (150 µL) was incubated (24h at 36°C) with the suspension of the aforementioned bacteria (17 µL; 10 6 UFC/mL in NaCl 0.15 mol·L -1 ) half a broth BHI (33 µL). The negative control corresponded to bacterial cells treated with ultrapure water. Before and after the incubation period DO600 readings were taken to determine the percent growth compared to the negative control (100% growth). Each assay was performed in triplicate and three independent experiments were performed.
RESULTS AND DISCUSSION
Preliminary study: evaluation of the efficiency of advanced oxidative processes
Initially, a spectral scan (200 to 600 nm) was performed to detect the wavelengths at which degradation of the dye under study would be monitored. Figure 1 shows the spectra of the molar absorptivity for direct orange 26 dye (DO26). dye degradation monitoring will be performed. According to Catanho et al. (2006) , the textile dyes show similar structures and groupings, and according to the work of these researches it can be stated that the DO26 dye presents a chromophore group at 495 nm, whereas for λ = 238 nm, the presence of a amine-acetanilide group is verified. With respect to the peak observed at 304 nm, Pinheiro et al. (2004) state that textile dyes present 3 zones of maximum absorbance and this λ is in zone II (between 250 and 350 nm), where the presence of amines is observed. After the determination of λ, the treatment using advanced oxidation processes was carried out. Kinetic and ecotoxicological evaluation of the direct orange 26 dye degradation by Fenton and solar photoFenton processes 7 x10 -3 to 6.5 x 10 -3 W·cm -2 , indicating that in the experiments carried out during the study, visible light had a great contribution.
It is important to emphasize that these two processes were chosen since the previous study carried out by the research group (SANTANA et al., 2017) indicated that the combination between Fenton and photo-Fenton/solar processes present better results than when using isolated from radiation (photolysis). This fact is in agrément with the one obtained by Brito and Silva (2012) , who observed that when using the hydrogen peroxide associated with some type of radiation, a more energetic indirect reaction occurs, since the oxidation potential of the hydroxyl radical (E0 = +2,80 V) is higher than that of molecular hydrogen peroxide (E0 = +1,78 V).
It was verified that both processes were efficient in the degradation of the dye DO26, being verified a greater efficiency for the solar photo-Fenton process, as can be observed in Table 2 . It is noteworthy that once the experiments were performed in triplicate, the results are expressed considering the mean and standard deviation. and that for the chromophore group, responsible for color, the percentages of degradation were higher than 90%. However, a more detailed study was carried out for both processes and it was found that for the λ of 238 nm only the photo-Fenton process proved to be effective. This analysis is essential, as this wavelength indicates the presence of aromatic hydrocarbons in organic molecules, which are capable of conferring toxicity to polluting substances (PAULINO; ARAÚJO; SALGADO, 2015) .
To analyze possible interference of H2O2 and iron in the analyzes carried out in the UV-Vis spectrophotometer, sweeps were performed in the 200-600 nm wavelength range, considering the possible interferents (water, water / H2O2 / Fe used iron in the form of ferrous sulfate heptahydrate)), as well as the solution containing the dyes and the latter containing the reactants. Therefore, it was verified that the reagents used in the AOP do not interfere with the analyzes performed on the UV-Vis equipment as can be observed in Figure 3 .
state that textile dyes present 3 zones of maximum absorbance and this λ is in zone II (between 250 and 350 nm), where the presence of amines is observed. After the determination of λ, the treatment using advanced oxidation processes was carried out.
The work solution was submitted to the Fenton and solar photo-Fenton processes. For the latter, the emission of photons in 3 regions was monitored: UV-A/UV-B; UV-C and visible. Thus, it was 
Determination of the best working condition: factorial design
At first, to ensure that the initially neutral dye molecule (pH 5.5) does not undergo any kind of dissociation or shift of the wavelength in the UV / Vis spectrum, the working solution was analyzed at different pH: 3, 4, 5 and 6 (values that cover the range of study of the AOP). This evaluation showed that no spectral displacement is observed for the studied dye, indicating that there is no interference of pH for the present study, as can be observed in Figure 4 . Kinetic and ecotoxicological evaluation of the direct orange 26 dye degradation by Fenton and solar photoFenton processes
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The results with the degradation percentages of the dye under study for the factorial design trials 2 3 with central point (triplicate analysis), for both processes are presented in the Table 3 . It is important to note that for the experiments in which 100% degradation was verified, peaks in the UV/Vis spectrum were not observed. From the analysis of Table 3 , it was verified that the experimental conditions for the degradation of DO26 differed when using the different AOP, especially with respect to the amount of ideal iron to be used in the treatment. However, for a better understanding of the results, a statistical analysis was performed. This was based on the calculations of the main effects and interaction between the factors with the aid of the Statistica 6.0 program, to 95% confidence. Thus, the Pareto charts were constructed for all the characteristic λ ( Figure 5 ). From the analysis of Figure 5 it is possible to verify that for the solar photo-Fenton process all the main effects and interaction effects were statistically significant at 95% confidence. As far as the Fenton process is concerned, this one presented a similar behavior, except for the interaction [H2O2] and pH, in which no significance was observed. Thus, it can be affirmed that the studied variables cannot be analyzed in isolation, being necessary the generation of the response surfaces (Figures 6 and   7 ). From the analysis of Figure 5 it is possible to verify that for the solar photo-Fenton process all the main effects and interaction effects were statistically significant at 95% confidence. As far as the Fenton process is concerned, this one presented a similar behavior, except for the interaction [H2O2] and pH, in which no significance was observed. Thus, it can be affirmed that the studied variables cannot be analyzed in isolation, being necessary the generation of the response surfaces (Figures 6 and   7 ). (Figures 6(b) , 6(e) e 6(h)), it could be seen that for the λ of 304 and 238 nm, the highest pH level would be ideal, however for the λ 495nm, of the chromophore group, using the lower level of this variable resulted in a better degradation. In this way, the pH range between 3 and 4 was chosen, since this is considered as the ideal for the photo-Fenton process (FENG et al, (Figures 6(b) , 6(e) e 6(h)), it could be seen that for the λ of 304 and 238 nm, the highest pH level would be ideal, however for the λ 495nm, of the chromophore group, using the lower level of this variable resulted in a better degradation. In this way, the pH range between 3 and 4 was chosen, since this is considered as the ideal for the photo-Fenton process (FENG et al, From the analysis of Figure 5 it is possible to verify that for the solar photo-Fenton process all the main effects and interaction effects were statistically significant at 95% confidence. As far as the Fenton process is concerned, this one presented a similar behavior, except for the interaction [H2O2] and pH, in which no significance was observed. Thus, it can be affirmed that the studied variables cannot be analyzed in isolation, being necessary the generation of the response surfaces (Figures 6 and   7 ). found that a higher efficiency of degradation was achieved when a higher level of [Fe] and a lower pH range. On the other hand, [H2O2] was not significant and could be fixed at its lowest level, leading to a reduction in costs. These experimental conditions could be corroborated from the response surfaces generated for the λ = 238nm (Figures 7(g) e 7(h)). Therefore, it can be stated that the degradation of the studied dyes presented a satisfactory efficiency when using a [H2O2] equal to 100 mg·L -1 , 5 mg·L -1 of [Fe] and pH between 3 and 4. With these conditions, a kinetic monitoring test was carried out for the two processes studied.
Kinetic evaluation of the degradation processes
With the best conditions found, the kinetic study was carried out by monitoring the degradation of the chromophore groups responsible for the coloring, as well as the characteristic groups of the found that a higher efficiency of degradation was achieved when a higher level of [Fe] and a lower pH range. On the other hand, [H2O2] was not significant and could be fixed at its lowest level, leading to a reduction in costs. These experimental conditions could be corroborated from the response surfaces generated for the λ = 238nm (Figures 7(g) e 7(h)). Therefore, it can be stated that the degradation of the studied dyes presented a satisfactory efficiency when using a [H2O2] equal to 100 mg·L -1 , 5 mg·L -1 of [Fe] and pH between 3 and 4. With these conditions, a kinetic monitoring test was carried out for the two processes studied.
With the best conditions found, the kinetic study was carried out by monitoring the degradation of the chromophore groups responsible for the coloring, as well as the characteristic groups of the REGET -V. 22, e5, 2018, p.01-20
Kinetic and ecotoxicological evaluation of the direct orange 26 dye degradation by Fenton and solar photoFenton processes 13 aromatic rings, for the two analyzed processes. For this, aliquots were withdrawn at times of 0, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90 and 120 minutes.
Based on the experimental data of the time advance of the dye concentration for each λ studied, the kinetic model proposed by Chan and Chu (2003) was used. The kinetic data of the degradation of DO26 for the two oxidative processes applied according to the model are shown in Figure 8 . Through the analysis of Figure 8 , it was observed that the proposed model fitted well to the experimental data, obtaining significant linear regression coefficients (greater than 0.9). It was also verified that after 60 min it was possible to degrade more than 99% of the chromophore group, observed in λ = 495 nm, and a total color removal was also found visually for both processes. A similar result was found by Asçi (2013), which was able to degrade 98% of DO26 dye after the same time period using heterogeneous Fenton process. Among the treatments, the photo-Fenton process assisted by solar radiation was more efficient, which was already expected, due to its photolytic capacity.
The higher efficiency of radiation-assisted processes has been reported by Santana et al (2017) , who studied the degradation of textile dyes by homogeneous Fenton processes. According to literature, this efficiency is related to the fact that radiation does not only act as a source of photons, but also as a source of heat, which results in an increase in the activity of the system (SOUZA; PERALTA-ZAMORA; ZAWADZKI, 2008).
In addition, the kinetic modeling proposed by the nonlinear model allowed us to calculate the main parameters for each treatment process investigated. In Table 4 the kinetic data derived from the application of the suggested model are arranged. According to Paulino; Araújo and Salgado (2015) , the greater the reason 1/ρ, the higher the dye concentration will be. In this sense, it was observed, through analysis of Table 4 , that the reaction kinetics was more favorable for the Fenton process, in the λ responsible for the coloration conference.
However, it was found that it did not differ significantly from the solar photo-Fenton process, and that this presented better result for the λ of the aromatic groups. The ratio 1/σ, according to the same authors, is equivalent to the maximum oxidation capacity at the end of the process. Thus, the data in Table 4 show that although the dye under study, in its λ characteristic, had a degradation efficiency analogous to the end of the treatment when using the two Fenton reactions, the process assisted by radiation had a greater oxidative capacity. 
Behavior of chemical oxygen demand
To ensure that, in addition to the total color removal and degradation of the characteristic groups of the dye, also the organic matter reduction occurred, the chemical oxygen demand ( From this study, it can be observed that the alternation between the solar photo-Fenton process (for the period of exposure to solar radiation) and Fenton (nocturnal period -where there is no incidence of solar radiation) is feasible in treatment plants laundries and textile industries. Thus, it can be ensured that good levels of degradation of the dyes will be obtained, as well as conversion of COD, which favors the application of the operational conditions.
Toxicity Study: evaluation against seeds and bacteria
The toxicity analyzes using seeds and bacteria were performed with the untreated dye solution and after submission to the Fenton and solar photo-Fenton processes under the same conditions described for the kinetic study.
The results of toxicity using seeds showed that the species studied (Lactuca Sativa, Cichorium intybus, Brassica juncea and Portulaca grandiflora) were able to settle in dye solution medium before and after AOP. However, it was found that these solutions did not behave similarly to the negative Table 5 , in which the germination index (GI) and relative growth rate (RGR) are listed. According to the results shown in Table 5 , it was verified that the solution after treatment presented the best germination and relative growth rate with respect to the initial solution. In addition, it was observed that there was no significant difference in the growth of the seed radicles for the analyzed processes (Fenton and photo-Fenton) . According to Young et al (2012) it can be affirmed that there is an inhibition of the growth when the values of the RGR are inferior to 0.80. Thus, even after the Fenton process, the dye solution still caused a delay in the development of the species of Lactuca sativa, Brassica juncea and Portulaca grandiflora. This fact can also be observed for the photoFenton process compared to the Lactuca sativa species; making it necessary to carry out more detailed studies. Thus, considering another type of biota, the toxicity to bacteria was evaluated.
To determine the bacterial activity of the solutions, tests were carried out in which the optical densities at 600 nm (OD600) of each sample were evaluated for the bacteria Escherichia coli and Proteus mirabilis. The results of the mean and standard deviation (σ) of each test for OD600 between the initial time and after 24 hours are presented in Table 6 . The analysis of Table 6 shows that, based on the OD600 values, the bacterial growth of E. coli strains presented values higher than the control, both for the solutions before the treatment and for the solutions after the AOP used, indicating that there was no inhibition of this bacterium. However, there was a small inhibition of the P. mirabilis strains for the UDS samples (6.2%) and after the solar photo-
The results of toxicity using seeds showed that the species studied (Lactuca Sativa, Cichorium intybus, Brassica juncea and Portulaca grandiflora) were able to settle in dye solution medium before and after AOP. However, it was found that these solutions did not behave similarly to the negative that the samples analyzed before and after the treatment did not present toxicity for the bacterial species studied. and the same pH range, and this showed efficiency of 99.46%. Both processes presented a good fit for the kinetics of nonlinear degradation described by Chan and Chu. As far as toxicity is concerned, it was found that for Lactuca sativa, Brassica juncea e Portulaca grandiflora there was a growth retardation when employing the Fenton process; while the photo-Fenton process only influenced the decrease of the RGR of the seeds of Lactuca sativa. As for the toxicological tests against the bacteria Escherichia coli
CONCLUSION
and Proteus mirabilis the processes employed did not interfere in the development of the strains used.
